Toll-like receptor 4 (TLR4)-mediated signaling has been implicated in invasion, metastasis, and survival of various cancers. Activation of TLR4 can promote cyclooxygenase-2 (COX-2) and nuclear factor-kB (NF-kB). However, little is known about the effects of TLR4/COX-2 in prostate cancer (PCa).
Background
Prostate cancer (PCa) is the most common cancer in the world and is the leading cause of cancer-related death [1] [2] [3] . After the development of prostate-specific antigen (PSA) detection assays, the detection and diagnosis of PCa was significantly enhanced and reached a peak in the early 1990s [4] [5] [6] . 238 590 new cases and 29 720 deaths caused by PCa occurred in 2012 in the United States alone [7, 8] . Despite the improvement of PSA testing in early detection, medical and scientific communities are still debating its benefits [9, 10] . PSA is not a specific detection index of PCa and may be related to benign prostatic hyperplasia, inflammation, and infections [11] [12] [13] . Therefore, it is important for research to explore the mechanisms involved in the development of PCa. Recently, accumulating evidence has shown that the alteration of Toll-like receptor 4/cyclooxygenase-2 (TLR4)/COX-2) expression is involved in tumorigenesis.
TLR is a type I transmembrane protein, which contains an extracellular domain and intracellular domain. At present, 11 mammalian TLRs have been identified. Moreover, TLR4 is one of the most studied TLRs. TLR4 is a membrane protein expressed on immune cells and epithelial cells, and its activation by exogenous and endogenous ligands can initiate myeloid differentiation factor 88 (MyD88)-dependent and MyD88-dependent signaling, leading to downstream nuclear factor-kB (NF-kB) pathway and MAPK pathway activation, and inflammatory gene transcription [14] [15] [16] [17] [18] . TLR4 not only plays a critical role in cell confrontation with exogenous infections and wound healing, but also promotes the initiation and progression of tumors when aberrantly activated [19, 20] . Studies also have demonstrated that the function of TLR4 in tumor cells may be partly through COX-2 [21] [22] [23] . Studies showed that the activation of NF-kB could upregulate the expression levels of inflammation-related genes including COX-2. The analysis revealed overexpression of COX-2 could increase cancer risk by promoting cell proliferation and neovascularization, and inhibiting cell apoptosis and immune function. Therefore, COX-2 also has been confirmed as the important prognostic indicators in various tumors.
NF-kB is a family of transcription factors that comprises 5 subunits: p50, p52, c-Rel, RelB, and p65. In the classic, or canonical pathway, NF-kB has the chief heterodimer consisting of p50 and p65. COX-2 contains NF-kB binding sites. Studies have found that NF-kB p50 antisense oligodeoxynucleotides inhibits the activity of NF-kB and the expression level of COX-2. Therefore, NF-kB interacts with COX-2 to regulate transcription. COX is a rate-limiting enzyme during the conversion of arachidonic acid to prostaglandin (PG) which contains 2 isoforms: COX-1 and COX-2 [24, 25] . COX-1 is expressed constitutively in most tissues and plays a role in the production of PGs [26, 27] . COX-1 maintains self-balancing functions, for instance, renal vascular expansion, gastric cell protection, and agglutination-promoting prostaglandin thromboxane production via blood platelets [28] . Several studies have supported the involvement of prostanoids in the pathogenesis of cancer [29, 30] . The metabolism of arachidonic acid has been found to be enhanced via the COX pathway in various human tumors and it is now widely accepted that this is due to the induction of COX-2 enzymes [31] [32] [33] . COX-2 is an inducible enzyme, which is induced by various inflammatory and mitogenic stimuli [34] . These findings have been confirmed in many tumors including pancreas, gastric, bladder, and lung cancer [35] [36] [37] [38] . Therefore, COX-2 plays a potential role in tumor formation and growth. However, it is not completely clear whether the molecular mechanisms are responsible for PCa.
In this study, we demonstrated the expression levels of TLR4 and COX-2 in PCa tissues. We also confirmed the roles of TLR4/ COX-2 on PCa cell proliferation, migration, and invasion. In addition, we explored the mechanisms of TLR4/COX-2 in PCa including the regulatory effects of TLR4/COX-2 on invasion-associated genes (tissue inhibitor of matrix metalloproteinases (TIMP)-2, matrix metalloproteinase (MMP)-2, and MMP-9), and the regulatory effects of TLR4/COX-2 on NF-kB (p65) phosphorylation. Therefore, we suggest that TLR4/COX-2 may be a novel therapeutic target for the treatment of PCa.
Material and Methods

Clinical samples
PCa tissues and corresponding normal tissues (5 cm away from tumor) were obtained from 34 patients who were diagnosed with PCa in the Tiantai People's Hospital from July 2014 to June 2015. Tissues were immersed into liquid nitrogen immediately after removal from patients and stored at -80°C until used. Informed consent was obtained from the study PCa patients. The ethics approval was granted by the Ethics Committee of the Tiantai People's Hospital.
Cell culture
PC3 cells were purchased from the American Type Culture Collection (ATCC). Cells were maintained in sterile culture bottles containing RPMI-1640 medium (HyClone, Cat. No. SH30027), 10% heat inactivated fetal bovine serum (FBS, cat # SH30071.03), 100 U/mL penicillin G, and 100 g/mL streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified 5% CO 2 incubator.
siRNA interference
Control siRNAs and siRNAs for TLR4 and COX-2 were obtained from GenePharma Co., Ltd. (Shanghai, China). The sequence of control siRNAs was 5'-UUCUCCGAACGUGUCACGU-3', the sequence of TLR4 siRNAs was 5'-GUCUCAGAUAUCUAGAUCU-3', the sequence of COX-2 siRNAs was 5'-GGAUUUGACCAGUAUAAGUTT-3'. One day before transfection, PC3 cells (2 x 10 4 cells/well) in the logarithmic phase were seeded into 6-well plates in 2 mL of medium and incubated overnight. Next day, cells were transfected with 50 μM scramble siRNA (negative control, NC), TLR4-siRNAs or COX-2-siRNAs using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from the cultured PC3 cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RNA was reverse transcribed using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. The qRT-PCR assay was performed on ABI 9700 PCR Thermal Cycler with SYBR Green kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocol. The relative mRNA expression levels of targeting genes were analyzed using 2-DDCt method [39] 
Western blotting
Total proteins were lysed in radioimmunoprecipitation (RIPA) buffer (Beyotime Institute of Biotechnology, Haimen, China). The concentrations of proteins were detected using the Bicinchoninic Acid (BCA) protein assay kit (Thermo Fisher Scientific, Inc.). Equivalent proteins (40 μg) were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes (Merck KGaA, Darmstadt, Germany). Membranes were incubated with primary antibodies, and secondary antibody (cat no LK2003L, Sungene Biotech Co., Ltd, China). The protein was detected using the enhanced chemiluminescence (ECL) substrate kit (Thermo Scientific Pierce) and ImageJ software (NIH, Bethesda, MD, USA). The results were analyzed by densitometry using Quantity One V4. 
Cell Counting Kit-8 (CCK-8) assay
PC3 cells were seeded into a 96-well plate at a density of 2×10 3 cells/well and transfected with TLR4siRNAs or COX-2-siRNAs, or both, at 37°C for 24 hours. Every day until day 5, CCK-8 (Beyotime, Haimen, China, 15 µL/well) was added to each well and incubated at 37°C for 3 hours. The optical density (OD) value was measured using a microplate reader (BIOTEK, VT, USA) at 450 nm.
Carboxyfluorescein succinimidyl ester (CFSE) assay
The proliferation capacity was detected by carboxyfluorescein succinimidyl ester (CFSE) dye (Life Technologies-Molecular Probes, Grand Island, NY, USA). PC3 cells were incubated with CFSE (10 nM) for 30 minutes, and then washed with complete medium. The labeled cells were incubated with antibody for 4 days, and then analyzed by flow cytometry.
Wound-healing assay
The cell migration ability of the treated PC3 cells was detected by using wound-healing assay. PC3 cells were seeded into a 6-well plate at a density of 1×10 5 cells/well and transfected with TLR4-siRNAs or COX-2-siRNAs, or both, at 37°C. A straight scratch was made by a pipette tip, and the suspending cells were gently washed off by cold PBS. The pictures of the scratch were captured at 0 and 24 hours.
Transwell assay
The cell invasion ability of the treated PC3 cells was detected by using Transwell assay. The Transwell chambers were coated with Matrigel for 30 minutes at 37°C. Then 200 μL of treated PC3 cells were seeded into the upper chamber at a density of 2×10 3 cells/mL, and 600 μL of the complete medium were added to the lower chamber. After 48 hours, the uninvaded cells were cleared up. The cells on the lower side were washed with PBS 3 times, fixed with 4% paraformaldehyde (cat no 158127) for 30 minutes, then stained with crystal violet (cat no 61135) for 10 minutes. Images were captured under microscopes.
Statistical analysis
All experimental data were expressed as mean ± standard deviation (SD), and all statistical analyses were carried out by the SPSS software version 20.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered statistically significant.
Results
TLR4 and COX-2 were high-expressed in PCa cells
To explore the expression levels of TLR4 and COX-2 in PCa, we used qRT-PCR assays to analyze their expressions in 34 pairs of PCa (tumor tissues) and adjacent non-cancerous tissues (normal tissues). We found that the relative mRNA expression level of TLR4 was markedly higher in PCa tissues than normal tissues (n=34, P=0.0195, Figure 1A) ; COX-2 expression was also significantly increased in PCa tissues compared with normal tissues (n=34, P=0.0073, Figure 1B ).
Silencing of TLR4/COX-2 inhibits PCa cell proliferation
Based on the aforementioned observations, we constructed siRNA vectors targeting TLR4 and COX-2, namely si-TLR4 and si-COX-2, respectively. In addition, PCa3 cells were transfected with PBS (control), TLR4 siRNAs (si-TLR4), COX-2 siRNAs (si-COX-2), COX-2 siRNAs plus TLR4 siRNAs (si-COX-2+si-TLR4), negative control (NC), respectively. The analysis of TLR4 and COX-2 expressions were carried out in treated PCa3 cells using western blot and qRT-PCR assays. As shown in Figure 2A and 2B, the knockdown of TLR4 significantly decreased TLR4 and COX-2 expressions; the knockdown of COX-2 also dramatically decreased TLR4 and COX-2 expressions; more importantly, double-knockout of TLR4 and COX-2 more obviously inhibited TLR4 and COX-2 expressions than si-TLR4 group or si-COX-2 group in PCa3 cells (P<0.05, P<0.01, P<0.001, respectively).
To further demonstrate the potential roles of siRNA-mediated TLR4 and COX-2 silencing on PCa cell proliferation, CCK-8 and CFSE assays were performed after siRNA transfection. The results proved that TLR4 knockdown or COX-2 knockdown inhibited the proliferation capacity of PCa3 cells. Furthermore, double-knockout of TLR4 and COX-2 more observably inhibited PCa3 cell proliferation ability than si-TLR4 group or si-COX-2 group (P<0.05, P<0.01, P<0.001, respectively, Figure 2C, 2D) . The results showed that TLR4 and COX-2 inhibits PCa cell proliferation, and there was a coordinated effect between TLR4 silence and COX-2 silence.
Silencing of TLR4/COX-2 suppressed PCa cell migration and invasion
To further explore the roles of si-TLR4 and si-COX-2 on cell migration and invasion, si-TLR4, si-COX-2, and siRNA-NC were transfected into PCa3 cells. The migration capacity was detected by wound healing assay, and the results showed that TLR4 knockdown or COX-2 knockdown aggrandized the remnant wound breadth of PCa3 cells; joint-knockout of TLR4 and COX-2 obviously increased the remnant wound breadth of PCa3 cells compared with TLR4 knockdown group and COX-2 knockdown group (P<0.001, Figure 3A ). In addition, the invasion ability was measured by Transwell assays, and the results indicated that TLR4 knockdown or COX-2 knockdown significantly decreased the number of the invasive PCa3 cells; joint-knockout of TLR4 and COX-2 further reduced the number of the invasive PCa3 cells compared with TLR4 knockdown group and COX-2 knockdown group (P<0.01, P<0.001, respectively, Figure 3B ). 
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Silencing of TLR4/COX-2 decreases MMP-2, MMP-9, and E-cadherin expressions, and increases TIMP-1 and vimentin expressions Furthermore, qRT-PCR and western blot assays were carried out to explore the functional mechanism of TLR4 and COX-2 in PCa3 cell migration and invasion. The results revealed that MMP-2, MMP-9, and E-cadherin expressions were downregulated in the si-TLR4 group and the si-COX-2 group compared with the siRNA-NC group, and were lower in the si-TLR4 plus si-COX-2 group than in the si-TLR4 group or the si-COX-2 group. Besides, TIMP-1 and vimentin expressions were upregulated in the si-TLR4 group and the si-COX-2 group compared with the siRNA-NC group, and were higher in the si-TLR4 plus si-COX-2 group than the si-TLR4 group or the si-COX-2 group (P<0.05, P<0.01, P<0.001, respectively, Figure 4) . Therefore, we suggest that TLR4 combined with COX-2 affected MPP-related genes (MMP-2, MMP-9, TIMP-1, E-cadherin, and vimentin) in PCa.
Silencing of TLR4/COX-2 inhibits p65 phosphorylation
Studies have shown that NF-kB (p65) is involved in the development of multiple human malignancies such as proliferation, migration, and invasion [40] [41] [42] . Therefore, we analyzed the effects of TLR4 and COX-2 on p65 expression and found that p-p65 expression was obviously downregulated in the si-TLR4 group or the si-COX-2 group compared with the siRNA-NC group; p-p65 expression was markedly decreased in the si-TLR4 plus si-COX-2 group compared with the si-TLR4 group or the si-COX-2 group (P<0.001, Figure 5 ).
Discussion
TLR4, a member of the family Toll-like receptors, can be widely activated in inflammatory environments, which not only mediates bacterial endotoxin reaction but can combine with nonbacterial heat-shock protein and hyaluronic acid [43, 44] . TLR4 ligand lipopolysaccharide is in combination with LPS-binding protein (LBP) in serum, combined with CD14 on inflammatory cells, and then combined with myeloid differentiation protein-2 (MD-2) to initiate intracellular signaling [45] . MyD88 is a key connector in the process of MyD88-dependent signal transduction [46] . MyD88 is combined with downstream signal molecules, such as IL-1R associated kinase 4 (IRAK4) and release tumor necrosis factor associated factor 6 (TRAF6); the activated TRAF6 then releases NF-kB through a series of enzymatic reactions [47] . NF-kB can be combined with the promoters of inflammatory genes to regulate downstream gene expressions [48, 49] . Studies have shown that NF-kB can inhibit cell apoptosis and prolong cell survival [50, 51] . In our study, we found that TLR4 expression was markedly higher in PCa tissues than normal tissues, which suggested that TLR4 was upregulated in PCa. 
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COX-2, the internal oxidation synthetase of prostaglandin, is the rate-limiting enzyme of arachidonic acid converting to physiological activity eicosanoids such as prostaglandin, thromboxane, and prostacyclin [52] . Although the exact functions of COX-2 in tumorigenesis and development need to be further identified, it has been reported that the expression of COX-2 is upregulated in various tumor tissues [53] . In our study, we further revealed that COX-2 expression was markedly higher in PCa tissues than normal tissues, which suggested that COX-2 is highly expressed PCa.
MMP is involved in extracellular matrix degradation Zn 2+ -dependent protease family [54] . Studies have shown that MMPs, such as MMP-2 and MMP-9, play major roles in the processes of cell migration, and metastasis [55] . Tissue inhibitor of metalloproteinases (TIMPs) can inhibit the activity of MMPs [56] . Because the degradation of extracellular matrix (ECM) by secretory enzymes is evidence of epithelial mesenchymal transition (EMT) progression, and that EMT is regarded as a critical step in tumor metastasis and invasion [57] . Therefore, E-cadherin and vimentin as mark proteins of EMT were used for determining the degree of EMT. At present, metastasis is the major cause of tumor treatment failure. TLR4 is involved in tumor cell migration and invasion in various cancers. In this study, we investigated the biological roles of TLR4 and COX-2 on PCa cell proliferation, migration, and invasion through silencing TLR4 and COX-2 using small interfering RNA (siRNA). The results indicated silencing of TLR4 or COX-2 inhibited PCa cell proliferation, migration, and invasion, in addition, silencing of TLR4 or COX-2 decreased MMP-2 and MMP-9 expressions, and increased TIMP-1 expression. Therefore, we suggest that TLR4 and COX-2 are involved in the proliferation, migration, and invasion progresses of PCa cells.
Previous studies have shown that TLR4 affected proliferation and apoptosis by regulating COX-2 [21] ; TLR4 can activate NF-kB and MAP kinase pathways to regulate COX-2 in renal medullary collecting duct cells [22] ; COX-2 affected prostate epithelial cells by TLR4 and NF-kB [58] ; TLR4 participated in gastric mucosal protection via COX-2 [59] . In our study, we found that joint-knockout of TLR4 and COX-2 inhibited PCa cell proliferation, migration and invasion, and there was a synergistic effect between TLR4 and COX-2.
NF-kB is one of the nuclear transcription factors which is found in eukaryotic cells and regulates DNA transcription [60] . Emerging research suggested that NF-kB plays critical roles in biological processes, such as proliferation, differentiation, migration, and metastasis [61, 62] . Previous research has shown that NF-kB participates in the occurrence and development progresses of cancers [48] . In our study, we revealed that TLR4 knockdown or COX-2 knockdown significantly inhibited p65 phosphorylation; TLR4 and COX-2 showed a synergic effect.
Conclusions
TLR4 and COX-2 expressions are high-expressed in PCa, and TLR4 knockdown or COX-2 knockdown inhibits PCa cell proliferation, migration, and invasion progresses via inhibiting p65 phosphorylation. This study suggests that TLR4 and COX-2 may be novel prognostic markers and candidate drug targets for PCa.
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